The present work resumes the experimental and numerical research carried out for the development of a 8 numerical tool able of simulating the tensile behaviour of steel fibre reinforced self-compacting concrete (SFRSCC).
INTRODUCTION

21
In steel fibre reinforced concrete, SFRC, steel fibres and matrix are bonded together through a weak interface, which behaviour is important to understand and accurately model the mechanical behaviour of SFRC, since the properties 23 of this composite are greatly influenced by the interface zone between fibre/matrix and, consequently, by the micro-24 mechanical fibre reinforcement mechanisms that are mobilised. When these composites are reinforced with low fibre 25 volume ratios, the fibre contribution benefits arise, mainly, not to say almost exclusively, after the crack initiation.
27
The post-cracking behaviour of random discontinuous fibre reinforced composites can be predicted by the use of a 28 stress -crack opening displacement relationship, σ−w. Several authors developed micro-mechanical models to obtain 29 the σ−w relationship, since for quasi-brittle materials, the stress-crack opening relationship that simulates the stress 30 transfer between the faces of the crack has a significant impact on the behaviour of a structure after its cracking 31 initiation. In case of FRC, the σ−w relationship can be approximated by averaging the contributions of the individual 32 fibres bridging the matrix crack plane, defining for this purpose probability-density functions of the centroidal 33 distance of fibres from the matrix crack plane, and of the orientation angle (Visalvanich and Naaman 1983, Li et al.
34
1991, Maalej et al. 1995) . These models, which are based on an averaging process of all the forces that are carried 35 out by the fibres over a crack plane, can provide the general material composite behaviour with reasonable accuracy 36 by modelling the main mechanisms of a single fibre pullout. However, in general, they do not account for some 37 aspects, such as, fibre bending rupture and matrix spalling at the exit points of inclined fibres.
39
Another difficulty on the prediction of the post-cracking behaviour of a FRC in a real structure is that the material 40 behaviour in a test specimen may differ from the behaviour of a real structural element. It is well described in 
63
On the other hand, the stress transfer between crack planes due to the fibres bridging active cracks is modelled with 64 3D truss elements. A non-linear behaviour law is assigned to these last elements in order to account the fibre/matrix 5 The pullout tests were divided into two main groups, according to the geometry type of used fibres: hooked ends and 
113
The pullout tests on single steel fibres were performed using cored SCC specimens. 
127
The specimen is mounted in a steel supporting system, see Fig. 1 . This frame incorporates a steel system composed 128 by a plate connected to a cylinder that is fixed to the testing machine frame. The cylinder/machine connection allows 6 free rotations of the entire steel frame. A steel ring is coupled to the aforementioned steel system by three steel 130 screws. The protruding end of the steel fibre is fastened to a standard grip that allows a secure hold of the fibre.
132
For the measurement of the fibre pullout slip, three LVDT's (linear stroke +/-5mm) were used. In order to exclude 133 measuring deformations of the testing rig and fibre slip at the grip, the LVDT's were fixed at the upper steel ring and 134 touching the bottom surface of an aluminium plate fastened to the fibre. The plate was fixed to the fibre with two 135 fine screws and was used as a support for this LVDT configuration (Fig. 1) . 
143
The totality of both hooked and smooth aligned fibres were completely pulled out. In the case of hooked fibres, after 144 debonding of the fibre/matrix interface, the hooked was fully smoothened. This failure mode was designated as FM1.
145
A similar failure mode, FM2, was observed for some inclined fibres, however, in opposite to aligned fibres, spalling 146 of the matrix at the fibre bending point was observed. Nevertheless, the most common failure mode observed during 147 the pullout tests of inclined hooked fibres was fibre rupture, FM3. Another observed failure mode, FM4, was by 148 matrix spalling. In this case, the fibre was almost fully pulled out from the concrete specimen. The average pullout load -slip curves for the tested series are depicted in Fig. 2 . In general, for both analyzed hooked 162 and smooth aligned fibres, the configuration of the pullout load -slip curve was similar, regardless the fibre 163 embedded length but, as expected, the peak load and the dissipated energy increased with Lb (see Fig. 2a ). In smooth 164 fibres, after the peak load was attained a sudden drop was observed, which corresponds to an abrupt increase of 165 damage at the fibre/paste interface (unstable debond). Afterwards, fibre/paste friction was the commanding 166 mechanism of the pullout behaviour. In this part of the post-peak branch, the load decreased with the increase of slip,
167
since the available frictional area decreases, as well as the roughness of the failure surface. On the other hand, the 168 post-peak load decay in hooked fibres was not so abrupt than in smooth fibres, since with the increase of the slip the 
173
In the case of hooked fibres with a 30º inclination angle, as previously seen, two failure modes occurred, which were 174 reflected into two distinct types of pullout-slip curves. In Fig. 2b In Table 2 that, in inclined fibres, the enhanced frictional resistance due to the force component normal to the fibre axis (due to 209 the fibre inclination) plays a more important role on the peak pullout load than the Lb. This is even more relevant on 210 the inclined hooked fibres, since both mechanical deformation of the hook and frictional resistance actuate together. 
215
The average values of the slip at peak pullout load, s peak , and the corresponding coefficient of variation, CoV, are 216 indicated in Table 2 
221
Nevertheless, the main conclusion that can be drawn is that, the overall toughness is markedly influenced by the type approximately 5 to 9 times higher than for a 30 o angle, whereas for the hooked series it was 1.3 to 2.3 times higher.
10
The significant higher values of s peak for a 60 o angle can be ascribed to other additional mechanisms that usually 241 occur for inclined fibres than for aligned fibres. As the fibre inclination angle increases, the stresses concentrated at 242 the fibre bending point also increase. This leads to a more significant portion of concrete that crushes or pushes off at 243 the crack plane. As the volume of concrete that spalls is higher, a larger fibre length is subjected to bending, resulting 244 an additional measured slip due to the fibre deformation. So, for large inclination angles, such as 60 o , the slip 245 includes a significant parcel which is due to fibre deformation. Table 3 .
340
Effective fibres were considered all the fibres that had the hook deformed, as well as the fibres that have ruptured. In 341 spite of some researchers do not consider the ruptured fibres as "effective", in the authors' opinion they should be 342 considered, since they are able of transferring forces between the crack surfaces up to reasonable crack width. The 343 "fully effectiveness" of this type of fibres can be questionable, but it is feasible to admit that they are "partially 344 effective". For the sake of simplicity, let's assume that the fibre slip when it is being pulled out is approximately 345 equal to the crack width. Then, as it can be observed in Cunha (2009), in the pullout behaviour of inclined fibres, From the analysis of Table 3 it is verified that, in general, the stress and toughness parameters increased with the 350 fibre content, as it would be expected. The only exception was the peak stress which was nearby 10 % lower for the 
356
Regarding the post-cracking stress parameters, a significant increase with the increase of fibre content was observed.
357
A small increase of the fibre content of 15 kg/m 3 provided high increments on the values of the residual stresses, is determined multiplying ε f by the crack band width. The relationships used for each α, are given in Table 5 . decay is, however, observed after this crack width limit due, mainly, to the rupture of the embedded cables with an 493 inclination θ between 15º and 45º. Note that, the embedded cables with an inclination θ between 45º and 75º have 494 also rupture, but only for crack widths higher than 2 mm. Since for the uniaxial tensile tests of Cf45 series, fibre 495 rupture did not occur so often, due to both a less resistant matrix and the reduction of the average fibre orientation 496 angle towards the crack plane, another simulation was carried out assuming that the embedded cables with an 497 inclination θ between 15º and 45º did not rupture (see Table 5 ). With this approach the quality of the simulation was 498 improved (Fig. 14) . 645 Table 2 -Overview of the experimental pullout results.
646 Table 3 -Stress and toughness parameters obtained from the uniaxial tensile tests.
647 Table 4 -Plain concrete properties used in the simulations.
648 Table 5 -Tri-linear stress-strain diagrams used for modelling the fibres' bond -slip behaviour. Fig. 14 -Numerical simulation of the Cf45 series' uniaxial tensile tests.
